Type I congenital disorders of glycosylation (CDGs) are characterized by diminished LLO synthesis and aberrant N-glycosylation. Such defects would be predicted to cause chronic ER stress with continuous UPR activation. We employed a quantitative pharmacological approach with dermal fibroblasts to show that (1) compared with three other well-known UPR aspects (transcriptional activation, inhibition of translation, and cell death), LLO extension was the most sensitive to ER stress; and (2) Type I CDG cells had a mild form of chronic ER stress in which LLO extension was continuously stress-activated, but other aspects of the UPR were unchanged. To our knowledge, Type I CDGs are the only human diseases shown to have chronic ER stress resulting from genetic defects in the ER quality control system.
Introduction
In eukaryotic cells the unfolded protein response (UPR) is activated by endoplasmic reticulum (ER) stress (Chapman et al., 1998; Kaufman, 1999; Mori, 2000; Urano et al., 2000; Patil and Walter, 2001) . Experimentally, the UPR can be triggered by treatments causing misfolded proteins to accumulate in the ER lumen. Because asparagine (N)-linked glycans on newly synthesized ER proteins have critical roles in protein folding and quality control, treatments that interfere with N-linked glycosylation are particularly effective UPR inducers. As reviewed (Lehrman, 2001) , the first evidence for the UPR came from studies published in the 1970s in which N-glycosylation was blocked by inadvertent glucose deprivation. Tunicamycin, a specific inhibitor of the committed step in N-glycosylation (Lehrman, 1991) , catalyzed by UDP-GlcNAc:dolichol-P GlcNAc-1-P transferase, is an excellent UPR inducer. Castanospermine, which blocks deglucosylation and therefore interferes with folding events requiring processing of N-glycans by ER glucosidases, also triggers the UPR.
Considerable progress has been made in the identification of UPR signaling components in both the yeast Saccharomyces cerevisiae and mammalian cells, but a number of important questions remain unanswered. One unresolved issue arises from the fact that in S. cerevisiae the UPR is a single response that controls transcription of stress-responsive genes, whereas in mammalian cells the UPR is actually a group of complex effects. These are referred to here as UPR aspects (Table I) . As with S. cerevisiae, one aspect of the UPR in mammals is the stimulation of transcription of genes whose translation products are able to counteract ER stress, such as ER chaperones (for example, GRP78/BiP) and folding enzymes. The ER membrane proteins Ire1p and ATF6 have pivotal roles in this regulation. However, in mammals another UPR aspect is activation of the PKR-like ER kinase (PERK), causing phosphorylation of eukaryotic inhibition factor 2α (eIF2α) and inhibition of protein synthesis (Harding et al., 1999) . Paradoxically, this inhibits translation of most mRNAs, including those encoded by UPR-responsive genes. (In a few cases, though, abundant mRNA increases may partially compensate for loss of translational efficiency, and in the case of the transcription factor ATF4 translational efficiency is enhanced; Harding et al., 2000a) . Nonetheless, both transcriptional activation and translation inhibition help cells survive ER stress (Harding et al., 2000b) . It is therefore puzzling that the UPR in mammals is also reported to initiate apoptotic cell death (Zinszner et al., 1998; Nakagawa et al., 2000) . Thus, it appears that these well-known aspects of the UPR are potentially counteractive. It has 1 To whom correspondence should be addressed remained unclear what strategies, if any, are used by mammalian cells to solve this problem.
Since N-glycosylation is important for ER function it has been of interest to determine whether it might be stimulated by the UPR, as are the syntheses of chaperones and folding enzymes. A number of N-glycosylation genes in S. cerevisiae were shown to be activated by ER stress, although functional consequences were not reported (Patil and Walter, 2001) . In a different approach, we have shown under certain conditions that the UPR in primary cultures of a differentiated cell, the human dermal fibroblast, elevates the concentration of the lipidlinked oligosaccharide (LLO) Glc 3 Man 9 GlcNAc 2 -P-P-dolichol. This aspect of the UPR is not due to accumulation as a result of impaired transfer of oligosaccharide from Glc 3 Man 9 GlcNAc 2 -P-P-dolichol to protein, but rather is caused by enhanced extension of LLO intermediates such as Man 2-5 GlcNAc 2 -P-Pdolichol to Glc 3 Man 9 GlcNAc 2 -P-P-dolichol (Doerrler and Lehrman, 1999) . Thus the relative distributions of oligosaccharide structures within the LLO pool is changed, without significant effects on the total number of LLO molecules. It was also found that, compared with dermal fibroblasts, LLO extension in permanent mammalian cell lines (such as Chinese hamster ovary K1) is maximal under basal conditions and cannot be stimulated by additional ER stress (Doerrler and Lehrman, 1999) . Thus, primary dermal fibroblast cultures appear to be more sensitive to ER stress than permanent cell lines. This idea is supported further by the observation that 42°C shock of dermal fibroblasts stimulated both LLO extension and GRP78/BiP transcription, even though heat shock is not generally considered to be a UPR inducer with permanent cell lines (Doerrler and Lehrman, 1999) .
In this study we used a dual strategy to assess the biological significance of activation of LLO extension by the UPR. First, we employed a quantitative pharmacological approach to determine whether LLO extension in normal dermal fibroblasts has priority over the other well-known aspects of the UPR, i.e., transcriptional activation, inhibition of translation, and cell death. Surprisingly, LLO extension had the highest priority in the UPR and could be preferentially activated.
Second, we examined the UPR in fibroblasts from patients with Types Ia, Ib, and Ic congenital disorders of glycosylation (CDGs), a family of genetic diseases characterized by multisystem defects due to deficient synthesis of Glc 3 Man 9 GlcNAc 2 -P-Pdolichol (Marquardt and Freeze, 2001) , to test the prediction that the resulting hypoglycosylation would activate the UPR. We found that Type I CDG cells had a mild form of chronic ER stress in which LLO extension was continuously stress-activated, but there was no evidence that the other UPR aspects were activated. Together, these results support the role of LLO extension as part of a first line of defense against ER stress and indicate that this level of response is sufficient to handle the ER stress resulting from Type I CDG mutations.
Results

LLO extension has a high priority in the UPR of dermal fibroblasts
The UPR has been studied extensively in yeast, permanent cell lines, and embryonic mouse cultures, but there is limited information about the UPR in normal primary differentiated cells such as human dermal fibroblasts. Because dermal fibroblasts are often the cells of choice for experimental analyses of inherited metabolic disorders, such information about the UPR is essential for evaluation of the effects of these diseases on ER stress. Therefore, normal dermal fibroblasts were subjected to multiple UPR-inducing treatments, and four key UPR aspects (summarized in Table I) were measured. Dithiothreitol (DTT; Figure 1 , panel A) is a disulfide reductant. Its primary basis for causing ER stress is the disruption of disulfide bonds in ER lumenal proteins. This interferes with folding of nascent proteins, as well as causing the misfolding of proteins that have already been stabilized by disulfide bonds. A likely second mechanism may be alteration of the balance between reduced and oxidized protein disulfide isomerase. As reviewed earlier (Frand et al., 2000) , both forms of this enzyme are critical for the proper introduction of disulfide bonds into nascent proteins. L-azetidine-2-carboxylic acid (AZC; Figure 1 , panel B) is an analogue of proline, and its incorporation into nascent Table I . UPR inducers and aspects considered in this study Detailed information is provided under Materials and methods and in the references (Doerrler and Lehrman, 1999; Lehrman, 2001 CSN (24h) . Quantitative values for UPR aspects were then determined. Each line is an average of the number of independent experiments indicated by the value n, and each bar shows standard error: (i) Fold increase of Glc 3 Man 9 GlcNAc 2 -P-P-dolichol (y-scale of 0-35; red symbols; n = 3, 2, 3, 4 for panels A-D); (ii) Fold enhancement of GRP78/BiP mRNA (y-scale of 0-20; blue symbols; n = 3, 4, 2, 3); (iii) Percent inhibition of translation (green symbols; n = 3, 2, 2, 2); and (iv) Percent cell death (black symbols; n = 2, 2, 3, 2). Note that translational inhibition by DTT in A did not appear to be due to the UPR, as described in the text and Table II . For clarity in D, the y-scales were expanded 4×, and data for translational inhibition and cell death, neither of which could be measured accurately because they were in the 0-10 % range, were omitted. Because dermal fibroblasts have finite numbers of cell doublings, and repetitions of experiments occurred over 8 months, it was necessary to combine data from two normal cultures (CRL-1892 and 1904) . No significant differences were noted between these two cultures. (E) For each ER stress examined, filled symbols indicate which aspects are preferentially activated. The striped symbol indicates that translational inhibition with DTT was independent of the UPR (Table II) . The dash indicates that oligosaccharide synthesis is directly inhibited by TN.
proteins interferes with their folding (Ou et al., 1993 (Lehrman, 2001) . For these reasons, each of these agents would be expected to interfere with the folding of a different subset of ER proteins (i.e., disulfide-containing proteins in the case of DTT, N-linked glycoproteins in the case of CSN, proline-rich proteins in the case of AZC, or combinations of these in the case of TG) and perhaps cause different types of ER stress. As shown in Figure 1 , panels A-D, these different UPR inducers were applied to the fibroblasts, and each UPR aspect was measured quantitatively as either a fold or percentage change (red, oligosaccharide extension; blue, activation of transcription; green, inhibition of protein synthesis; or black, cell death). To facilitate direct comparison the same y-scales were used for all panels (but expanded fourfold for panel D) and were based on the strongest response for each aspect among the four inducers. By presenting the data in this way it was also possible to determine whether or not ER stresses were interchangeable; if so, the panels should be graphically similar with no differences in the relative activation of each UPR aspect. If not, this would indicate that the UPR in these cells could differentiate among different forms of ER stress (see Discussion).
As shown in Figure 1 , panel A, extension of LLO intermediates was the UPR aspect most sensitive to DTT. With 0.4 mM DTT there was full stimulation (approximately 30-fold), with essentially no activation of the remaining UPR aspects. Treatments with 2-10 mM DTT were needed to strongly activate glucose regulated protein (GRP) 78 transcription (20-fold) and cell death (35%). DTT treatment of 2 mM also strongly decreased incorporation of [ 35 S]methionine into total cellular protein (98% inhibition) and increased eIF2α phosphorylation (Table II) , but as demonstrated the effect of DTT on translation was apparently independent of the UPR. Similar results were obtained with three different fibroblast sources from the American Type Culture Collection (ATCC). In the case of LLO extension, marked stimulations were repeatedly noted with small increases of the DTT concentration in the 0.4 mM range. This suggests that small changes in DTT concentration can result in large increases in protein misfolding, that there is a threshold for activation, or that activation of UPR signals is cooperative.
Compared with DTT, treatments with AZC, TG, and CSN resulted in different UPRs. LLO extension, GRP78 transcription, and translational inhibition were enhanced to similar degrees with AZC ( Figure 1 , panel B) and with TG below 30 nM (panel C), whereas neither treatment had an appreciable effect on cell death. However, cell death increased sharply as the TG concentration exceeded 30 nM. CSN (panel D) was generally the weakest UPR inducer examined (Table III) , even at concentrations higher than 200 µg/ml, which inhibit essentially all glycoprotein processing by glucosidases I/II (Lehrman, 2001) . CSN stimulated both GRP78 transcription and LLO extension. Cell death and inhibition of protein synthesis appeared to be in the range of 0-10%, too small to measure accurately, with no effect of CSN on phosphorylation of eIF2α (not shown).
Tunicamycin (TN) is a specific inhibitor of the enzyme UDP-GlcNAc:Dolichol-P GlcNAc-1-P transferase, which catalyzes the committed step in the synthesis of LLOs (Lehrman, 1991) . Thus TN interferes with protein folding by eliminating N-linked oligosaccharides with specific roles in ER quality control, as well as by preventing any physicalchemical contribution that the oligosaccharides make to the net hydrophilicity of glycoprotein folding intermediates (Lehrman, 2001 ). TN was not tested in detail because it directly interferes with LLO synthesis. However, 5 µg/ml TN treatments for 1 and 6 h, respectively, resulted in 10-and 20-fold stimulations of GRP78 transcription, as well as 70% and 88% cell death after 7 days. Protein synthesis was inhibited by approximately 30% after 1 h of TN treatment and by 50% after 6 h. Thus TN appeared to result in a UPR similar to that of 100-400 nM TG. Table II . DTT effects on translation are independent of the UPR Normal fibroblasts (CRL-1892) were left untreated (-prestress) or treated (+ prestress) with 2 mM DTT for 40 min. Approximately 16 h later, the indicated cells were given a second treatment (+ stress) with 0.5 mM DTT for either 20 min (LLO extension) or 2 mM DTT for 40 min (GRP78 mRNA transcription, translational inhibition, and eIF2α phosphorylation). The responses for cells not subjected to any stresses were defined as 0%, and those given a stress without prestress as 100%. The percentage responses of the remaining groups of cells were then calculated as the average ± SE. The relative percentage responses were the average of duplicates. *No-stress values were arbitrarily set to 0%. **Single determination.
Treatment
Relative percentage responses (average ± SE) Prestress Stress LLO extension GRP78/BiP transcription Translational inhibition eIF2α phosphorylation --0* 0 0 0 + -4.9 ± 0.4 8.4 ± 5.1 25.7 ± 4.6 4.6** + + 54.7 ± 10.1 35.8 ± 7.3 93.9 ± 0.7 91.0 ± 7.9 -+ 100.0 ± 7.8 100.0 ± 21.3 100.0 ± 0.5 100.0 ± 3.3 A summary of these experiments is presented in Figure 1 , panel E. The UPR aspects that were appreciably activated by each form of ER stress are indicated, and it can be seen that DTT, AZC, CSN, and TN each gave different results. TG gave a hybrid result because the AZC and TN responses were similar to those obtained by treatments with low and high concentrations of TG, respectively. Two important conclusions come from these data. First, depending on the exact type of ER stress, vastly different UPRs can be triggered. In other words, ER stresses are not necessarily interchangeable (see Discussion). Second, the UPRs are organized according to a hierarchy: LLO extension had the highest priority, being activated by all ER stresses, followed by transcriptional activation, translational inhibition, and cell death.
The effects of DTT on LLO extension and BiP transcription, but not its effect on translation, are due to the UPR
DTT (2 mM) activated GRP78 transcription 5-10-fold, inhibited translation almost completely (Figure 1) , and enhanced phosphorylation of eIF2α 2.5-fold. However, concentrations of AZC, CSN, TN, and TG that caused similar increases of GRP78 transcription had much milder effects on translation ( Figure 1 ) and phosphorylation of eIF2α (data not shown). Although the effect of DTT on translation in embryonic fibroblasts is clearly due to PERK activation by the UPR (Harding et al., 2000b) , it appeared that the effect of DTT on translation in dermal fibroblasts was greater than could be explained by UPR activation.
We reasoned that UPR-specific effects should be dampened in cells allowed to adapt to ER stress by application of a prestress. Presumably, this dampening is due to accumulation of protective factors. In contrast, UPR-independent effects should not be affected by prestress. As shown in Table II , a prestress in which dermal fibroblasts were subjected to a 40-min treatment with 2 mM DTT 16 h prior to analysis mitigated the ability of a subsequent DTT stress to stimulate both LLO extension and GRP78 transcription. Thus, both of these aspects were UPR-dependent, as anticipated. This also shows that these UPR aspects were not stimulated as a direct result of the chemical activity of DTT, such as by modification of a critical cysteine residue in a regulatory enzyme. However, the prestress treatment had almost no effect on incorporation of [ 35 S]-methionine into protein or phosphorylation of eIF2α. Thus, in dermal fibroblasts, DTT stimulates phosphorylation of eIF2α and inhibits translation predominantly by a mechanism(s) that does not appear to require the UPR, implicating a direct chemical effect of DTT.
UPR activation of GRP78 transcription is mitigated in CDG Type I dermal fibroblasts
The results of the preceding sections gave insights into the dermal fibroblast UPR that were essential for assessment of Type I CDG mutations. Since the nature of the UPR depended upon the type of ER stress, not every known UPR aspect would necessarily be a valid indicator. In addition, the results predicted that any UPR activation would include stimulation of LLO extension. For these studies, dermal fibroblasts from patients with three sub-classes of Type I CDG were used: Type Ia (phosphomannomutase deficient), Type Ib (phosphomannose isomerase deficient), or Type Ic (glucose-P-dolichol:Man 9 GlcNAc 2 -P-P-dolichol glucosyltransferase I deficient). In all cases, transfer of Glc 3 Man 9 GlcNAc 2 necessary to form glycoproteins is reduced (Table IV) . This is due to limited synthesis of Glc 3 Man 9 GlcNAc 2 -P-P-dolichol as well as accumulation of dolichol-P-P linked oligosaccharide intermediates that are poor donor substrates for oligosaccharyltransferase. Although some protein glycosylation can occur with such intermediates, they lack the critical sugar residues needed for efficient ER quality control (Lehrman, 2001) . Because CDG cells are viable and have normal protein synthesis (Körner et al., 1998b) , chronic inhibition of translation and initiation of apoptosis was unlikely. Therefore, LLO extension and GRP78 transcription were examined; the latter is generally considered to be a standard marker of ER stress.
CDG cells under control conditions did not differ significantly from normal cells when GRP78 mRNA, GRP78, and calreticulin (another stress-inducible ER chaperone) were measured (negative data not shown). This was not surprising because GRP78 mRNA Table III . Maximal activation of UPR aspects by various UPR inducers These rankings were deduced from response strengths measured in the experiments shown in Figure 1 . Parentheses indicate inhibition of translation by DTT was independent of the UPR. (Table II) in dermal fibroblasts after ER stress. However, this result did not address the possibility that the CDG cells may have been subjected to stress adaptation similar to that previously mentioned, perhaps involving novel cellular components. Such adaptation should lower the stressinduced increase of GRP78 mRNA. The overall mean increases of GRP78 RNA caused by addition of 200 µg/ml CSN or 5 µg/ml TN to CDG dermal fibroblasts were 64% and 69%, respectively, of the mean increases for normal dermal fibroblasts (Table V) . Though this reduction was not as great as that achieved experimentally with a DTT prestress 35.8%; (Table II) , it was consistent with a significant degree of adaptation to ER stress in untreated CDG cells.
Chronic ER stress in CDG Type I dermal fibroblasts
LLO extension was examined in CDG cells since, as shown in Figure 1 , it is the most sensitive measure of ER stress. Unstressed normal dermal fibroblasts produce a high proportion of Glc 3 Man 9 GlcNAc 2 -P-P-dolichol when analyzed in medium with 5 mM glucose (Doerrler and Lehrman, 1999) . However, they produce mostly truncated structures within 20 min of being shifted to medium with 0.5 mM glucose (see Discussion), and this effect is prevented by activation of the UPR (Doerrler and Lehrman, 1999 ; Figure 2 ). The use of LLO extension to test for ER stress was complicated by the LLO defects that already exist in CDG Type I cells. Nonetheless, HPLC analyses showed that LLO extension in CDG cells was chronically UPR-activated (Figure 2 ). In the absence of experimental ER stress, dolichol-linked oligosaccharide structures in CDG-Ib cells were completely mannosylated and were comparable to those in normal cells treated with DTT. Oligosaccharides in untreated CDG-Ic cells were more fully mannosylated than those in normal cells treated with CSN. However, they were not completely stress-activated because additional mannosylation of CDG-Ic oligosaccharides was achieved by treatment with DTT. Thus, even though the CDG Ib and Ic cells have metabolic defects that limit LLO synthesis, upon the shift to 0.5 mM glucose their LLOs are more fully extended than those in normal cells and behave as if they have already been subjected to ER stress. Glucosylation of CDG-Ic LLO was also improved with ER stress (see Discussion). Oligosaccharides in CDG-Ia cells, which have the most severe defect of the three Type I classes examined, were similar to those in untreated normal cells and could not be appreciably extended by UPR activation. Taken together, these data are consistent with the results of Table V , and indicate that the LLO pools in Type I CDG cells are synthesized with UPR-dependent activation of LLO extension. Overall, the UPR in Type I CDG cells was similar to that obtained by treatment of normal dermal fibroblasts with 0.4 mM DTT (Figure 1 , panel E).
Discussion
ER stress in CDG Type I
An original goal of this study was to test the prediction that the Type I defects would result in ER stress because of the expected interference with ER function. The results confirm this prediction. The finding of chronic ER stress in Type I CDGs is consistent with the reported dilation of the ER and delayed glycoprotein transport (Marquardt et al., 1995) . Type I CDG patients have complex, multi-system defects, and chronic ER stress should therefore be considered as a potential contributing factor in the disease. The results also revealed unexpected information about the role of LLO extension in the UPR. Not only did the quantitative approach of measuring UPR aspects Table V . UPR-activated GRP78/BiP transcription in normal and CDG dermal fibroblasts Four normal, two CDG-Ia, and one CDG-Ib dermal fibroblast culture were subjected to either no stress, a moderate ER stress (200 µg/ml CSN treatment for 24 h), or a robust ER stress (5 µg/ml TN treatment for 6 h). In each case, GRP78 mRNA signals normalized to actin were determined (Doerrler and Lehrman, 1999) . The signals obtained with stressed cells were then divided by signals from parallel sets of unstressed cells to give a value for UPR-activated GRP78 mRNA synthesis. The mean value is given for each cell, as well as total normal and total CDG cells. The number of determinations (n) and the SE are indicated. Each of the CDG values for UPR activation was then divided by the total normal value (CDG/total normal). ND, not determined. reveal a hierarchy, but LLO extension was also found to have the highest priority among the UPR aspects tested. Such systematic examinations of the hierarchical nature of the UPR have not yet been reported for other cell types. Indeed, an understanding of such a hierarchy was necessary to correctly identify ER stress in the Type I CDG cells. It would have been missed if we had relied on measurements of concentrations of BiP/GRP78 mRNA and protein, the most commonly used approach for assessing ER stress. The relationships between ER stress, LLO extension, and CDG Type I are summarized by Figure 3 . Although a similarity to CSN stress might have been predicted-both CDG Type I and CSN treatment interfere with oligosaccharide-dependent ER quality control-the chronic Type I ER stress is most related to stress in normal dermal fibroblasts treated with 0.4 mM DTT (Figure 1) . Possibly, the CDG cells originally had CSN-like stress during early development. Coincident with stress adaptation (suggested by Table V ) and stabilization of the glycosylation defect, the type of stress may have been replaced by that obtained with 0.4 mM DTT. Because the addition of a disulfide reductant favors stimulation of LLO extension in normal cells (Figure 1) , it may be that cells rely heavily on the glycosylation dependent role of ERp57 in disulfide formation (Oliver et al., 1997) and regulate glycosylation to protect against aberrant oxidation.
The CDG-Ic cells had a somewhat mild degree of chronic ER stress (Figure 2) , and as summarized in Table IV , CDG-Ic N-linked glycans would be expected to be partially effective for ER quality control because they are fully mannosylated. In addition to facilitating mannosylation of Man 2-5 GlcNAc 2 -P-P-dolichol intermediates, UPR stress also unexpectedly enhanced glucosylation of Man 9 GlcNAc 2 -P-P-dolichol in CDG-Ic cells. Though the cellular concentrations of UDP-glucose and glucose-P-dolichol are normally enough for efficient LLO glucosylation, these (Doerrler and Lehrman, 1999) , with either no stress, a moderate ER stress (24 h with 200 µg/ml CSN), or a robust stress (20 min with 2 mM DTT). Arrowheads indicate the elution positions of Man 2,3,4,5,9 GlcNAc 2 and Glc 3 Man 9 GlcNAc 2 . Fig. 3 . Influence of ER stress on LLO synthesis in normal and Type I CDG fibroblasts. Inadequate synthesis of Glc 3 Man 9 GlcNAc 2 -P-P-dolichol in normal cells causes ER stress. One aspect of the resulting UPR is enhancement of extension of LLO intermediates, increasing Glc 3 Man 9 GlcNAc 2 -P-P-dolichol concentrations and therefore relieving ER stress. LLO profiles from CDG Type I cells represent a balance between this enhancement and the inhibition of Glc 3 Man 9 GlcNAc 2 -P-P-dolichol synthesis caused by their genetic defects. amounts are not sufficient to overcome the reduced activity of the leaky glucosyltransferase in CDG-Ic (Körner et al., 1998a) . Thus one effect of ER stress might be increased production of glucose-P-dolichol.
Other explanations for the CDG results reported here were considered. CDG-Ia, Ib, and Ic affect genes encoding three distinct enzymes (Table IV) , so the minimal stress effects on CDG LLOs cannot be explained by a direct genetic block at the metabolic step (which remains to be identified but appears likely to involve hexose metabolism; Doerrler and Lehrman, 1999) responsible for stimulating LLO extension. CDG is a pediatric disease, and it was possible that the extension of LLOs in CDG cells failed to respond to ER stress because such regulation might occur only in adult cells. Therefore, LLOs in dermal fibroblasts from four non-CDG pediatric donors, age 2 through 7 years, were examined in the absence or presence of ER stress (0.5 mM DTT). In all cases the basal and UPR-stimulated oligosaccharide profiles were indistinguishable from those of normal adult fibroblasts (data not shown).
The characteristics of CDG Type I reported here can be contrasted with other human diseases in which defects in the folding of specific membrane or secretory proteins would be expected to exhibit chronic activation of the UPR. A number of such diseases are known, but stable elevation of GRP78/BiP has been documented in very few instances (for example, Medeiros-Neto et al., 1996; Kim and Arvan, 1998) . It would be interesting to determine whether the ER stresses in these other diseases are sufficient to stimulate LLO extension. As a result of this study, the Type I CDGs are the only human genetic diseases reported to have chronic ER stress due to defects in the ER quality control machinery.
Relevant properties of dermal fibroblast cells
It remains to be determined how the information reported here for dermal fibroblasts applies to the UPRs in other differentiated cells. However, as pointed out in the Introduction, the dermal fibroblasts are highly sensitive to stress, and the results of any future studies should be interpreted with caution. For example, in the course of the current studies we noted that several freshly thawed aliquots of dermal fibroblasts exhibited enhanced LLO extension under control conditions for up to 2 weeks of culture. No dependence on the actual passage number was detected. Furthermore, two independent dermal fibroblast cultures expressing the catalytic subunit of telomerase (not shown) were examined in an attempt to identify cultures that retained UPR responsiveness of LLO extension, yet were capable of immortal growth suitable for genetic studies. Early passages of such cultures exhibited the desired regulation of LLO extension. However, continued passage for 2-3 months resulted in partial activation of LLO extension under basal conditions (data not shown). Perhaps extended periods in culture favor more proliferative cells with greater needs for ER lipid and protein synthesis and consequently greater ER stress.
LLO extension in permanent cell lines was unresponsive to ER stress (Doerrler and Lehrman, 1999) . Thus, compared with dermal fibroblasts, permanent cell lines may have a weak, chronic form of ER stress. Such an idea is easily reconciled with the observation that transcription of UPR-sensitive genes in cell lines under basal conditions is growth-factor dependent and not due to conventional UPR signaling (Brewer et al., 1997) . Based on results with 0.4 mM DTT-treated dermal fibroblasts and untreated CDG cells, weak ER stress can stimulate oligosaccharide synthesis while having little effect on GRP78 transcription (Figure 1) .
The high sensitivity of LLO extension to ER stress may also explain the differences observed among our three laboratories regarding the LLO compositions in normal dermal fibroblasts in the absence of deliberate ER stress. Each laboratory grows the cells in complete glucose medium (5-10 mM glucose) and examines the LLO after labeling cells for 20-30 min with [2-3 H]-mannose in the presence of 0.5 mM glucose. In the M.L. laboratory, where all of the experiments in the current study were performed, cells under these conditions show an abundance of LLO intermediates with three to five mannose residues. Mild ER stress changes this pattern to the one consistently observed under control conditions in the H.F. and C. K. laboratories, with an abundance of Glc 3 Man 9 GlcNAc 2 -P-P-dolichol (Doerrler and Lehrman, 1999;  Figure 2 ). An exchange of cells (normal dermal fibroblast culture 12F), medium, and serum between the M.L. and H.F. labs showed that the discrepancy is due to a subtle difference in laboratory technique or environment, not reagents or cell samples (data not shown).
ER stresses are not interchangeable
An interesting outcome of this study is that various types of ER stress are not generally interchangeable as UPR inducers in mammalian cells. This is probably due to the abilities of different types of misfolded proteins to interact with the various UPR signaling systems that take part in each of the UPR aspects. Some indications of this had been reported earlier: DTT and TG differed in their abilities to activate signaling mediated by the lumenal domains of Ire1p and PERK , and CSN had no detrimental effects on translation (Prostko et al., 1993) or cell viability (Lehrman and Zeng, 1989) . However, in the majority of studies on UPR signaling, little consideration is typically given to the possibility that differences in the type and concentration of UPR inducer might result in differential signaling. At least in dermal fibroblasts, this is clearly the case. Another example of the need for such caution pertains to conflicting studies regarding the potential role of presenilin-1 in UPR signaling. It was recently noted (Imaizumi et al., 2001 ) that these conflicts may be explained by variations in the time (15 min vs. 60 min) and concentration of TG (1 µM vs. 5 µM) used to activate the UPR. These investigators also reported UPR variability with cell type and the quality of the medium, as we found earlier (Doerrler and Lehrman, 1999) .
Versatility of the UPR
The idea that UPR aspects are organized in a hierarchy suggests a solution to the problem described in the Introduction-that the UPR is composed of potentially counterproductive aspects. LLO extension, and perhaps other high-priority aspects that remain to be identified-seems to be an economical first step toward reducing ER stress. Previous work indicated that activation is probably due to modulation of sugar metabolism (Doerrler and Lehrman, 1999) . Although the exact control point remains to be determined, it is likely controlled by a rapid, posttranslational regulatory step because full activation occurs within only 20 min of DTT treatment. If activation involves a simple reversible posttranslational modification, such as phosphorylation, rapid deactivation and return to the basal state would be possible. Activation of chaperone synthesis, on the other hand, requires a higher degree of ER stress and the production of additional mRNA and protein molecules. Such effects would be more difficult to reverse.
Simultaneous activation of LLO extension and new chaperone synthesis should be synergistic because both promote the folding of nascent ER proteins, and this can occur without inhibition of translation or promotion of cell death. However, some ER stresses also cause inhibition of protein synthesis. This inhibition is transient, with maximal effects lasting approximately 2 h in dermal fibroblast cells (data not shown) but not completely resolved by 16 h (Table II) . Thus cells may use this strategy to temporarily halt production of folding substrates. Such a drastic measure may come at a price, however. The benefits of increased production of LLOs (which modify nascent proteins) and chaperones (requiring translation) cannot be realized during periods of translational inhibition, and other cellular processes requiring new protein synthesis would be hindered.
The UPR aspects involving oligosaccharide synthesis, transcriptional control, and translational inhibition have protective value, have no apparent long-term toxic effects, and are most likely involved in normal physiology. For example, the UPR has been implicated in metabolic control, i.e., translational regulation of glucose metabolism (Harding et al., 2001; Scheuner et al., 2001 ) and transcriptional regulation of lipid metabolism (Werstuck et al., 2001) . However, some ER stresses can also promote cell death. In such cases stress may be due to failure of the protective UPR aspects to restore normal physiology. Extensive ER stress would be anticipated under severe pathological conditions, and in these cases death of the cells might help preserve the organism.
During review of this manuscript, the crucial role of regulated splicing of the mRNA encoding the transcription factor XBP-1 in the mammalian UPR was reported Shen et al., 2001; Calfon et al., 2002) . This discovery links the functions of the ER stress sensors ATF6 and Ire1p (reviewed by Ma and Hendershot, 2001 ). It will therefore be an important goal of future research to determine to what degree each of these molecules detects the various ER stress conditions examined here.
Conclusion
The UPR in primary cultures of human dermal fibroblasts is versatile and differs depending on the specific type of ER stress. UPR aspects are organized in a hierarchy in which potentially counterproductive interactions are minimized. An understanding of this hierarchy was essential for identifying ER stress in Type I CDG. Among the four UPR aspects examined, extension of LLOs has the highest priority, consistent with a role in a first line of defense against ER dysfunction.
Materials and methods
Cell culture
The following primary cultures of human dermal fibroblasts were tested. Normal adult: CRL-1987 , CRL-1904 , and CRL-1892 from the ATCC, and 12F from the H.F. laboratory. Non-CDG child: CRL-1474, CRL-1513, CRL-2114, and CRL-7514 from the ATCC. CDG: WO-46 Type Ia, ZM-35 Type Ia, and Type Ib (Babovic-Vuksanovic et al., 1999) from the H.F. laboratory; Type Ia patient K.K. (Körner et al., 1998b) and Type Ic (Körner et al., 1998a ; formerly CDGS Type V) from the C.K. laboratory. Cultures were grown at 37°C in the presence of humidified 5% CO 2 in RPMI-1640 medium (Life Technologies, MD) supplemented with 10% fetal bovine serum (Atlanta Biologicals, GA). Cells were passaged by trypsinization, and grown to 70-90% confluence for experiments. Cells were refed within 24 h. of analysis, as longer periods correlated with inadvertent stimulation of LLO extension (Doerrler and Lehrman, 1999) .
Activation of the UPR
The following UPR inducers (Doerrler and Lehrman, 1999; Lehrman, 2001) were used as described in the figure legends and Table I : dithiothreitol (DTT; Sigma, St. Louis, MO), castanospermine (CSN; from Matreya, Pleasant Gap, PA, or Dr. Alan Elbein, University of Arkansas for Medical Science, Little Rock, AR), L-azetidine-2-carboxylic acid (AZC; Sigma), thapsigargin (TG; Sigma), and tunicamycin (TN; Sigma). None caused appreciable cytoplasmic stress in dermal fibroblasts as judged by HSP70 gene transcription, while two cytoplasmic stress inducers, arsenite (Harding et al., 2000b) and diamide (Kosower et al., 1969) , activated HSP70 transcription without effect on GRP78 transcription (data not shown).
Measurement of stimulation of LLO extension
Either during (DTT) or immediately after (AZC, TG, CSN) treatment with UPR inducers, fibroblasts were metabolically labeled with D-[2-3 H] mannose (Amersham Pharmacia Biotech, NJ) for 20 min in medium with 0.5 mM D-glucose. Isolation of total LLOs, release of [ 3 H]-oligosaccharides from the dolichol-P-P carrier with mild acid, and high-pressure liquid chromatography (HPLC) analyses were carried out as described (Doerrler and Lehrman, 1999) . Peak heights for Man 3-5 GlcNAc 2 and Glc 3 Man 9 GlcNAc 2 were measured and then normalized to mannose content to reflect molar quantities of each oligosaccharide. The molar percentage of Glc 3 Man 9 GlcNAc 2 in each sample was then calculated. The percentage for stressed cells (maximally 50-70%) was divided by that for unstressed cells (typically 1-3%) to determine the fold change.
Measurement of stimulation of GRP78/BiP transcription
Total RNA was isolated from cells 5 h after treatment with UPR inducers or from untreated controls and analyzed with northern blots with randomly primed [ 32 P]probes (Amersham Pharmacia Biotech) corresponding to GRP78/BiP and actin (Doerrler and Lehrman, 1999) . GRP78 RNA signals were measured with a Fuji (CT) phosphorimager and normalized to actin signals. The fold enhancements of normalized GRP78 signals in treated cells compared to those in untreated controls were determined.
Measurement of cell death
After treatment with UPR-inducing agents, dishes were rinsed twice in sterile phosphate buffered saline (PBS) and cells were allowed to grow in complete RPMI 1640 medium with 10% fetal bovine serum for 7 days. After removal of medium and rinsing with PBS, cells were stained with Gram Crystal Violet (Difco Laboratories, MI) for 30 min, washed thoroughly with water, and air-dried. After visual assessment of results, dishes were treated with 0.2% NP40 for 30 min with gentle shaking to elute-bound dye (Lehrman and Zeng, 1989) . The quantity of eluted dye was estimated by the absorbance at 590 nm and used as a measure of cell mass. The cell death in treated cells was expressed as percentage loss of crystal violet staining compared to untreated controls.
Measurement of inhibition of protein synthesis
Immediately after treatment with UPR inducers, metabolic labeling of fibroblasts with [ 35 S]-L-methionine (Amersham Pharmacia Biotech) in complete RPMI 1640 medium was carried out for 20 min as described (Harding et al., 2000b) . However, to avoid potential stress due to nutrient deprivation, no preincubation period in methionine-free medium was used. Whole cell lysates were prepared in RIPA buffer (150 mM NaCl, 1.0% [w/v] Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS] , 50 mM Tris-Cl [pH 8.0], 1 mM phenylmethylsulfonylfluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin, all from Sigma) and resolved by SDS-polyacrylamide gel electrophoresis (PAGE). The total protein radioactivity in each lane was measured with a phosphorimager. The translation inhibition in treated cells was expressed as the percentage decrease of incorporation of [ 35 S]-methionine into protein compared with untreated controls.
Measurement of phosphorylation of eIF2α
Cell lysates in RIPA buffer were resolved by SDS-PAGE, transferred to nitrocellulose membranes (Schleicher & Schuell), and subjected to immunoblot analysis by with a rabbit polyclonal antibody specific for the phosphorylated form of eIF2α (Research Genetics, AL). Autoradiographs were scanned with a BioRad Fluor-S MultiImager to determine signal intensities.
